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ABSTRACT

A matrix of airfoils has been developed to determine the effects of airfoil thickness
and maximum lift on the sensitivity of the maximum lift to leading-edge roughness. The
matrix consists of three natural-laminar-flow airfoils, the S901, S902, and S903, for wind-
turbine applications. The airfoils have been designed and analyzed theoretically and verified
experimentally in The Pennsylvania State University low-speed, low-turbulence wind tunnel.
The effect of roughness on the maximum lift increases with increasing airfoil thickness and
decreases slightly with increasing maximum lift. Comparisons of the theoretical and experi-
mental results generally show good agreement.

INTRODUCTION

The results of three recent experimental investigations (refs. 1-3) of wind-turbine air-
foils exhibit effects of airfoil thickness and maximum lift coefficient on the sensitivity of the
maximum lift coefficient to leading-edge roughness. Because the design specifications for
these airfoils are not consistent, however, the results cannot be used to conclusively determine
these effects. Accordingly, a matrix of three natural-laminar-flow airfoils has been designed
and analyzed theoretically and verified experimentally to quantify these effects.

The airfoils designed under the present study are not intended for a specific class of
wind turbines but, instead, are only representative of recent, horizontal-axis wind-turbine air-
foils. The specific tasks performed under this study are described in National Renewable
Energy Laboratory (NREL) Subcontract Number AAM-7-16479-01. The design specifica-
tions for the airfoils are outlined in the Statement of Work. These specifications were later
refined during discussions with James L. Tangler of NREL.

To more accurately quantify the effects of airfoil thickness and maximum lift coeffi-
cient on roughness sensitivity, an experimental investigation was conducted in The Pennsyl-
vania State University low-speed, low-turbulence wind tunnel (ref. 4) to obtain the basic, low-
speed, two-dimensional aerodynamic characteristics of the airfoils. The results have been
compared with predictions from the method of references 5 and 6.

SYMBOLS

Values are given in both SI and U.S. Customary Units. Measurements and calcula-
tions were made in U.S. Customary Units.

P;—P.

pressure coefficient,

oo

c airfoil chord, mm (in.)



Cq

Cd,

¢

section chord-force coefficient, §f3 Cp d(g)

section profile-drag coefficient, I ¢, d( l_l)
Wake ¢

point drag coefficient (ref. 7)
section lift coefficient, C,Cos0 —C_sinal

section pitching-moment coefficient about quarter-chord point,
X X z z
~f6p (3-0as) P+ fc, (2)o(?)

section normal-force coefficient, — :$ Cp d( E)
c

horizontal width in wake profile, mm (in.)
lower surface

free-stream Mach number

static pressure, Pa (Ibf/ft?)

dynamic pressure, Pa (Ibf/ft?)

Reynolds number based on free-stream conditions and airfoil chord
boundary-layer separation location, xg/c

boundary-layer transition location, xp/c

airfoil thickness, mm (in.)

upper surface

airfoil abscissa, mm (in.)

model span station, y =0 at midspan, positive downward, mm (in.)

airfoil ordinate, mm (in.)



ACd

ACl max

L]

Subscripts:

fixed

free

last
i1
max
min

rough

Abbreviation:

NACA

angle of attack relative to x-axis, deg

change in section profile-drag coefficient, 0.0350/deg

change in maximum lift coefficient due to leading-edge roughness,

(Cl, max) free (Cl, max) fixed or rough

(Cl, max)

, percent
free

transition fixed

transition free

local point on airfoil

last measured wake profile
lower limit of low-drag range
maximum

minimum

rough

separation

transition

upper limit of low-drag range
zero lift

free-stream conditions

National Advisory Committee for Aeronautics



AIRFOIL DESIGN

OBJECTIVES AND CONSTRAINTS

The results presented in references 1 through 3 suggest that the effect of leading-edge
roughness on the maximum lift coefficient is a function of airfoil thickness and maximum lift
coefficient. One of the key goals for wind-turbine airfoils, however, is to achieve a maximum
lift coefficient that is relatively insensitive to leading-edge roughness. Therefore, the maxi-
mum lift coefficient of the airfoils designed under the present study should be insensitive to
roughness to determine if the effects implied by the previous results must occur.

The design specifications for the airfoils, designated the S901, S902, and S903, are
contained in table I. To separate the effects of airfoil thickness and maximum lift coefficient,
two of the airfoils (S901 and S902) have a common maximum lift coefficient and two (S902
and S903) have a common airfoil thickness. For all three airfoils, a primary goal is to achieve
a maximum lift coefficient that does not decrease significantly with transition fixed near the
leading edge on both surfaces for a Reynolds number of 1.0 X 10%. (The Reynolds number
was determined by the wind-tunnel testing capabilities.)

One major constraint, in addition to the airfoil-thickness constraint, was placed on the
design of the airfoils: the zero-lift pitching-moment coefficient must be no more negative
than the value given in table I. Several additional goals were set to ensure that the airfoils
would be representative of recent, horizontal-axis wind-turbine airfoils.

PHILOSOPHY
Given the above objectives and constraints, certain characteristics of the design are

apparent. The following sketch illustrates a drag polar that meets the goals for this design.
(The S902 airfoil design specifications are used for this example.)

¥

Cq

Sketch 1



The desired airfoil shape can be traced to the pressure distributions that occur at the various
points in sketch 1. Point A is the lower limit of the low-drag, lift-coefficient range and
point B, the upper limit. The drag increases very rapidly outside the low-drag range because
boundary-layer transition moves quickly toward the leading edge with increasing (or decreas-
ing) lift coefficient. This feature results in a leading edge that produces a suction peak at
higher lift coefficients, which ensures that transition on the upper surface will occur near the
leading edge. Thus, the maximum lift coefficient, point C, occurs with turbulent flow along
the entire upper surface and, therefore, should be relatively insensitive to roughness at the
leading edge.

From the preceding discussion, the pressure distributions along the polar can be
deduced. The pressure distribution at point A should look something like sketch 2, again
using the S902 airfoil as the example.

Sketch 2

To achieve low drag, a favorable pressure gradient is desirable along the upper surface to
about 45-percent chord. Aft of this point, a region having a shallow, adverse pressure gradient
(“transition ramp”) promotes the efficient transition from laminar to turbulent flow (ref. 8).
The curved transition ramp (ref. 9) is followed by a nearly linear pressure recovery. The spe-
cific pressure recovery employed represents a compromise between maximum lift, drag,
pitching moment, and stall characteristics. The steep, adverse pressure gradient aft of about
90-percent chord is a “separation ramp,” originally proposed by F. X. Wortmann,! which con-
fines turbulent separation to a small region near the trailing edge. By constraining the move-
ment of the separation point at high angles of attack, high lift coefficients can be achieved
with little drag penalty. This feature has the added benefit of promoting docile stall character-
istics. (See ref. 10.)

IDirector, Institute for Aerodynamics and Gas Dynamics, University of Stuttgart, Germany.



Along the lower surface, the pressure gradient is initially adverse, then zero, and then
favorable to about 65-percent chord. Thus, transition is imminent over the entire forward por-
tion of the lower surface. (See ref. 11.) This concept allows a wide low-drag range to be
achieved and increases the amount of camber in the leading-edge region. The forward camber
serves to balance, with respect to the pitching-moment constraint, the aft camber, both of
which contribute to the achievement of a high maximum lift coefficient and low profile-drag
coefficients. This region is followed by a curved transition ramp. The ramp is followed by a
concave pressure recovery, which exhibits lower drag and has less tendency to separate than
the corresponding linear or convex pressure recovery (ref. 8).

The amounts of pressure recovery on the upper and lower surfaces are determined by
the airfoil-thickness and pitching-moment constraints.

At point B, the pressure distribution should look like sketch 3.

Sketch 3

No suction spike exists at the leading edge. Instead, a gently rounded peak occurs aft of the
leading edge. This feature allows higher lift coefficients to be reached without significant sep-
aration. At higher angles of attack, the peak becomes sharper and moves rapidly forward to
the leading edge. This feature causes transition to move quickly toward the leading edge with
increasing lift coefficient, which leads to the roughness insensitivity of the maximum lift coef-
ficient.



The transition movement in the vicinity of the maximum lift coefficient should be
essentially identical for all three airfoils. This common characteristic is intended to produce
the same roughness insensitivity for all three airfoils.

EXECUTION

Given the pressure distributions previously discussed, the design of the airfoils is
reduced to the inverse problem of transforming the pressure distributions into airfoil shapes.
The Eppler Airfoil Design and Analysis Code (refs. 5 and 6) was used because of its unique
capability for multipoint design and because of confidence gained during the design, analysis,
and experimental verification of many other airfoils. (See refs. 1-3 and 12, for example.)

The shapes of the S901, S902, and S903 airfoils are shown in figure 1 and the coordi-

nates are contained in table II. The airfoil thicknesses are 17.99-, 11.99-, and 11.99-percent
chord, respectively, which satisfy the design constraints.

EXPERIMENTAL PROCEDURE

WIND TUNNEL

The Pennsylvania State University low-speed, low-turbulence wind tunnel (ref. 4) is a
closed-throat, single-return, atmospheric tunnel (fig. 2). The test section is 148 cm (58.1 in.)
wide by 101 cm (39.9 in.) high (fig. 3). Electrically actuated turntables provide positioning
and attachment for the two-dimensional model. The turntables are flush with the top and bot-
tom tunnel walls and rotate with the model. The axis of rotation coincided with the midchord
of the model which was mounted vertically between the turntables. The gaps between the
model and the turntables were sealed. The turbulence intensity in the test section is approxi-
mately 0.045 percent at 46 m/s (150 ft/s).

MODELS

The composite, wind-tunnel models were constructed by Skytop Aerospace, Belle-
fonte, Pennsylvania, using plastic molds cut by a numerically controlled milling machine.
Each model consisted of a pseudo spar, two end ribs, and an upper and a lower shell. All the
models had a chord of 457.20 mm (18.000 in.) and a span of about 100 cm (40 in.). Upper-
and lower-surface orifices were located to one side of the midspan at the staggered positions
listed in table III. All the orifices were 0.51 mm (0.020 in.) in diameter with their axes per-
pendicular to the surface. The surface of the models consisted of polyester gelcoat that had
been sanded and polished to ensure an aerodynamically smooth finish. The measured model
contours were within 0.38 mm (0.015 in.) of the prescribed shapes.



WAKE-SURVEY PROBE

A total- and static-pressure, wake-survey probe (fig. 4) was mounted from the top tun-
nel wall (fig. 3). The probe was positioned spanwise at the tunnel centerline and automati-
cally aligned with the local flow. A traverse mechanism incrementally positioned the probe in
the wake. The tip of the probe was located 0.8 chord downstream of the trailing edge of the
model.

INSTRUMENTATION

The basic tunnel pressures and the wake pressures were measured with piezoresistive
pressure transducers. Measurements of the pressures on the model were made by an auto-
matic pressure-scanning system. Data were obtained and recorded by an electronic data-
acquisition system.

METHODS

The pressures measured on the model were reduced to standard pressure coefficients
and numerically integrated to obtain section normal- and chord-force coefficients and section -
pitching-moment coefficients about the quarter-chord point. Section profile-drag coefficients
were computed from the wake total and static pressures by the method of reference 7.

Standard, low-speed, wind-tunnel boundary corrections (ref. 13) have been applied to
the data. The total-pressure-tube displacement correction (ref. 7) has not been taken into
account in order that the data be directly comparable to previously published airfoil data.

At angles of attack beyond stall, the unsteadiness of the flow and the large width of the
wake made wake surveys impractical. Accordingly, at these angles of attack, the uncorrected
profile-drag coefficient was set to Cq 1uq + Acg (O — Oljpg), Where Acy was determined from
data presented in reference 14. Typically, the value of ¢, Was about 0.1.

TESTS

All the models were tested at Reynolds numbers based on airfoil chord of 0.7 x 108,
1.0 x 10%, and 1.5 x 10° with transition free (smooth) and with transition fixed by roughness at
2-percent chord on the upper surface and 7-percent chord on the lower surface. The grit
roughness was sized using the method of reference 15 and sparsely distributed along 3-mm
(0.1-in.) wide strips applicd to the model with lacquer. (See table IV.)) Each model was also
tested with a roughness equivalent to NACA standard roughness (ref. 16), which consisted of
grit roughness having a nominal size of 0.211 mm (0.0083 in.) applied to the model with lac-
quer and sparsely distributed from the leading edge to an arc length of 8-percent chord on the
upper and lower surfaces. (The grit size was scaled from the NACA standard-roughness grit
size by the ratio of the model chords used in the two wind tunnels: 457.2 mm (18.00 in.) in



the present investigation and 609.6 mm (24.00 in.) in the NACA tests.)

Starting from 0°, the angle of attack was increased and then decreased to determine
hysteresis. The same procedure was followed for negative angles of attack.

For several test runs, the model surfaces were coated with oil to determine the loca-
tion, as well as the nature, of the boundary-layer transition from laminar to turbulent flow
(ref. 17). Transition was also located using a stethoscope connected to a probe that was
moved slowly downstream along the model surface. The beginning of the turbulent boundary
layer was detected as an increase in noise level over that for the laminar boundary layer which
was essentially silent. (See ref. 18.) Tufts were used to check the two-dimensionality of the
flow at high angles of attack and to visualize the turbulent-separation patterns.

DISCUSSION OF RESULTS
EXPERIMENTAL RESULTS
Pressure Distributions

The pressure distributions for the S901 airfoil at various angles of attack for a Rey-
nolds number of 1.0 x 10 and a Mach number of 0.10 with transition free are shown in
figure 5. At an angle of attack of —0.01° (fig. 5(a)), a short laminar separation bubble is evi-
dent on the upper surface around 65-percent chord and on the Jower surface around 50-percent
chord. As the angle of attack is increased, the bubble on the upper surface moves forward
whereas the bubble on the lower surface moves aft. At an angle of attack of 5.08° (fig. 5(a)),
which corresponds approximately to the upper limit of the low-drag, lift-coefficient range, the
bubble on the upper surface has almost disappeared. As the angle of attack is increased fur-
ther, transition moves rapidly forward and turbulent, trailing-edge separation occurs on the
upper surface. The amount of separation increases with increasing angle of attack (figs. 5(b)
and 5(c)). The maximum lift coefficient occurs at an angle of attack just beyond 11.17°
(fig. 5(c)). As the angle of attack is increased further, the separation point continucs to move
forward until almost the entire upper surface is separated (fig. 5(d)).

As the angle of attack is decreased from 20.06°, the pressure distributions (figs. 5(e)
and 5(f)) are essentially identical to the ones that occur with increasing angle of attack
(figs. 5(c) and 5(d)). Thus, no hysteresis occurs with respect to separation on the upper sur-
face.

As the angle of attack is decreased from —1.03° (fig. 5(g)), the laminar separation bub-
ble on the lower surface moves forward whereas the bubble on the upper surface moves aft.
At an angle of attack of —6.12° (fig. 5(h)), which corresponds approximately to the lower limit
of the low-drag range, the bubble on the lower surface has almost disappeared. As the angle
of attack is decreased further, transition moves rapidly forward and turbulent, trailing-edge
separation occurs on the lower surface. The separation point moves rapidly forward to about
the midchord (fig. 5(h)). The minimum lift coefficient occurs at an angle of attack of —13.15°



(fig. 5(1)). As the angle of attack is decreased further, the separation point jumps forward, then
the leading-edge pressure peak collapses at an angle of attack of —18.06°, and finally the entire
lower surface is separated (fig. 5(j)).

As the angle of attack is increased from —19.07°, the pressure distributions (fig. 5(k))
are essentially identical to the ones that occur with decreasing angle of attack (figs. 5(i) and
5(j)). Thus, no hysteresis occurs with respect to separation on the lower surface.

The pressure distributions for the S902 airfoil at various angles of attack for a Rey-
nolds number of 1.0 x 10® and a Mach number of 0.10 with transition free are shown in
figure 6. At an angle of attack of 0.01° (fig. 6(a)), which corresponds to the lower limit of the
low-drag range, a short laminar separation bubble is evident on the upper surface around 70-
percent chord and on the lower surface around 85-percent chord. As the angle of attack is
increased, the bubble on the upper surface moves forward whereas the bubble on the lower
surface moves aft. At an angle of attack of 5.10° (fig. 6(a)), which corresponds approximately
to the upper limit of the low-drag range, the bubble on the upper surface has almost disap-
peared. As the angle of attack is increased further, transition moves rapidly forward and tur-
bulent, trailing-edge separation occurs on the upper surface. The amount of separation
increases with increasing angle of attack (figs. 6(b) and 6(c)). The maximum lift coefficient
occurs at an angle of attack of 13.19° (fig. 6(c)). As the angle of attack is increased further,
the separation point continues to move forward until almost the entire upper surface is sepa-
rated (fig. 6(d)).

As the angle of attack is decreased from 20.13°, the pressure distributions (figs. 6(e)
and 6(f)) are essentially identical to the ones that occur with increasing angle of attack
(figs. 6(c) and 6(d)). Thus, no hysteresis occurs with respect to separation on the upper sur-
face.

As the angle of attack is decreased from —1.01° (fig. 6(g)), transition moves rapidly
forward on the lower surface. At an angle of attack of —3.04° (fig. 6(g)), a long laminar sepa-
ration bubble forms near the leading edge on the lower surface. As the angle of attack is
decreased further, the long bubble increases in length (figs. 6(g) and 6(h)). The minimum lift
coefficient occurs at an angle of attack of —8.06° (fig. 6(h)). As the angle of attack is
decreased further, the long bubble continues to increase in length until it extends over the
entire lower surface (figs. 6(i) and 6(j)).

As the angle of attack is increased from ~19.06°, the long bubble on the lower surface
decreases in length (figs. 6(k)-6(m)). The pressure distributions are essentially identical to
the ones that occur with decreasing angle of attack (figs. 6(h)-6(j)). Thus, no hysteresis
occurs with respect to separation on the lower surface.

The pressure distributions for the S903 airfoil at various angles of attack for a Rey-
nolds number of 1.0 x 10 and a Mach number of 0.10 with transition free are shown in
figure 7. At an angle of attack of 0.01° (fig. 7(a)), a short laminar separation bubble is evident
on the upper surface around 70-percent chord and on the lower surface around 90-percent
chord. As the angle of attack is increased, the bubble on the upper surface moves forward

10



whereas the bubble on the lower surface moves aft. At an angle of attack of 4.08° (fig. 7(a)),
which corresponds to the upper limit of the low-drag range, the bubble on the upper surface
has essentially disappeared. As the angle of attack is increased further, transition moves rap-
idly forward and turbulent, trailing-edge separation occurs on the upper surface. The amount
of separation increases with increasing angle of attack (figs. 7(b) and 7(c)). The maximum lift
coefficient occurs at an angle of attack just beyond 13.20° (fig. 7(c)). As the angle of attack is
increased further, the separation point continues to move forward until essentially the entire
upper surface is separated (fig. 7(d)).

As the angle of attack is decreased from 20.07°, the pressure distributions (figs. 7(e)
and 7(f)) are essentially identical to the ones that occur with increasing angle of attack
(figs. 7(c) and 7(d)). Thus, no hysteresis occurs with respect to separation on the upper sur-
face.

At an angle of attack of —1.01° (fig. 7(g)), which corresponds approximately to the
lower limit of the low-drag range, the bubble on the lower surface has almost disappeared. As
the angle of attack is decreased, transition moves rapidly forward on the lower surface. At an
angle of attack of —7.11° (fig. 7(h)), a long laminar separation bubble forms near the leading
edge on the lower surface. As the angle of attack is decreased further, the long bubble
increases in length (fig. 7(h)). The minimum lift coefficient occurs at an angle of attack just
beyond —10.08° (fig. 7(h)). As the angle of attack is decreased further, the long bubble contin-
ues to increase in length until it extends over the entire lower surface (figs. 7(i) and 7(j)).

As the angle of attack is increased from —20.05°, the long bubble on the lower surface
decreases in length (figs. 7(k) and 7(1)). The pressure distributions are essentially identical to
the ones that occur with decreasing angle of attack (figs. 7(h)-7(j)). Thus, no hysteresis
occurs with respect to separation on the lower surface.

Transition Location

The variation of transition location with lift coefficient, as determined by stethoscope
measurements, for the S901 airfoil is shown in figure 8 and the effects of Reynolds number on
transition location are summarized in figure 9. It should be noted that laminar separation can-
not be detected using the stethoscope technique. Thus, for lift coefficients that exhibit laminar
separation bubbles, the “transition location” measured corresponds to the turbulent-
reattachment point. If transition occurred over some length, an average value was taken. Cur-
sory checks indicated that the model orifices generally had little influence on the transition
location. The variation of transition location with lift coefficient for the S902 airfoil is shown
in figure 10 and the effects of Reynolds number on transition location are summarized in fig-
ure 11. The variation of transition location with lift coefficient for the S903 airfoil is shown in
figure 12 and the effects of Reynolds number on transition location are summarized in
figure 13.
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Section Characteristics

Reynolds number effects.- The section characteristics of the S901 airfoil with transi-
tion free, transition fixed, and the scaled, NACA standard roughness (“rough”) are shown in
figure 8. For a Reynolds number of 1.0 x 10% and a Mach number of 0.10 with transition free
(fig. 8(b)), the maximum lift coefficient is 1.26, which is 3-percent below the design objective
of ¢;max = 1.30. The airfoil exhibits a turbulent, trailing-edge stall. No hysteresis occurs for
angles of attack beyond stall. Low profile-drag coefficients are exhibited over the range of lift
coefficients from —0.26 to 1.00. Thus, the lower limit of the low-drag, lift-coefficient range is
well below the design objective of ¢;j; =0.50 although the upper limit of the low-drag range
is also below the design objective of ¢;; = 1.10, primarily to meet other, more important
goals. The zero-lift pitching-moment coefficient is —0.12, which satisfies the design con-
straint of ¢, g =—0.15.

The effects of Reynolds number on the section characteristics of the S901 airfoil with
transition free, transition fixed, and rough are summarized in figure 9. The zero-lift angle of
attack, approximately —4.1° with transition free, is relatively unaffected by Reynolds number.
In general, with transition free (fig. 9(a)), the lift-curve slope, the maximum lift coefficient,
and the magnitude of the pitching-moment coefficients increase with increasing Reynolds
number; the drag coefficients and the upper limit of the low-drag range decrease. Because the
Mach number increases proportionally with the Reynolds number in an atmospheric wind tun-
nel, part of the increase in lift-curve slope and magnitude of the pitching-moment coefficients
is probably due to compressibility effects.

The section characteristics of the S902 airfoil with transition free, transition fixed, and
rough are shown in figure 10. For a Reynolds number of 1.0 X 10® and a Mach number of
0.10 with transition free (fig. 10(b)), the maximum lift coefficient is 1.30, which meets the
design objective. The airfoil exhibits a turbulent, trailing-edge stall. No hysteresis occurs for
angles of attack beyond stall. Low drag coefficients are exhibited over the range of lift coeffi-
cients from 0.51 to 1.04. Thus, the lower limit of the low-drag range is slightly above the
design objective of ¢;; = 0.50 and the upper limit is below the design objective of
;g1 = 1.10, primarily to meet other, more important goals. The zero-lift pitching-moment
coefficient is —0.11, which satisfies the design constraint of cp, o = —0.15.

The effects of Reynolds number on the section characteristics of the S902 airfoil with
transition free, transition fixed, and rough are summarized in figure 11. The zero-lift angle of
attack, approximately —4.8° with transition free, is relatively unaffected by Reynolds number.
In general, with transition free (fig. 11(a)), the lift-curve slope, the maximum lift coefficient,
the lower limit of the low-drag range, and the magnitude of the pitching-moment coefficients
increase with increasing Reynolds number; the drag coefficients and the upper limit of the
low-drag range decrease. Because the Mach number increases proportionally with the Rey-
nolds number, part of the increase in lift-curve slope and magnitude of the pitching-moment
coefficients is probably due to compressibility effects.

The section characteristics of the S903 airfoil with transition free, transition fixed, and
rough are shown in figure 12. For a Reynolds number of 1.0 X 10% and a Mach number of
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0.10 with transition free (fig. 12(b)), the maximum lift coefficient is 1.13, which is 26 percent
above the design objective of ¢,y = 0.90. The airfoil exhibits a turbulent, trailing-edge
stall. No hysteresis occurs for angles of attack beyond stall. Low drag coefficients are exhib-
ited over the range of lift coefficients from 0.05 to 0.63. Thus, the lower limit of the low-drag
range is below the design objective of ¢;; = 0.10 although the upper limit is also below the
design objective of ¢; ;= 0.70, primarily to meet other, more important goals. The zero-lift
pitching-moment coefficient is —0.04, which satisfies the design constraint of ¢, 3 =~0.07.

The effects of Reynolds number on the section characteristics of the S903 airfoil with
transition free, transition fixed, and rough are summarized in figure 13. The zero-lift angle of
attack, approximately —2.0° with transition free, is relatively unaffected by Reynolds number.
In general, with transition free (fig. 13(a)), the lift-curve slope, the maximum lift coefficient,
the lower limit of the low-drag range, and the magnitude of the pitching-moment coefficients
increase with increasing Reynolds number; the drag coefficients and the upper limit of the
low-drag range decrease. Because the Mach number increases proportionally with the Rey-
nolds number, part of the increase in lift-curve slope and magnitude of the pitching-moment
coefficients is probably due to compressibility effects.

Effect of roughness.- The effect of fixing transition on the section characteristics of the
S901 airfoil is shown in figure 8. In general, the lift-curve slope, the maximum lift coefficient,
and the magnitudes of the zero-lift angle of attack and the pitching-moment coefficients
decrease with transition fixed. These results are primarily a consequence of the boundary-
layer displacement effect which decambers the airfoil, the displacement thickness being
greater with transition fixed than with transition free. In addition, the lift-curve slope and the
maximum lift coefficient decrease with transition fixed because the roughness induces earlier
trailing-edge separation, particularly at higher angles of attack. The maximum lift coefficient
for a Reynolds number of 1.0 X 10” and a Mach number of 0.10 (fig. 8(b)) is 1.25, a reduction
of 1 percent from that with transition free. Thus, one of the most important design goals has
been achieved. The drag coefficients are, of course, adversely affected by the roughness. For
many conditions, the Reynolds number, based on local velocity and boundary-layer momen-
tum thickness, at the roughness location is too low to support turbulent flow. Accordingly, to
force transition, the roughness must be so large that it increases the momentum thickness,
which abnormally decreases the lift coefficients and the magnitude of the pitching-moment
coefficients and increases the drag coefficients. Conversely, at low lift coefficients, the rough-
ness on the upper surface, which was sized for higher lift coefficients, was frequently too
small to force transition, resulting in inappropriately low drag coefficients.

The effect of the scaled, NACA standard roughness on the section characteristics of
the S901 airfoil is shown in figure §. The effect is more severe than that of fixing transition.
The maximum lift coefficient for a Reynolds number of 1.0 X 10% and a Mach number of 0.10
(fig. 8(b)) is 1.07, a reduction of 15 percent from that with transition free. It should be remem-
bered that the effect of roughness is proportional to the ratio of the roughness height to the
boundary-layer thickness. Because the height of the scaled, NACA standard roughness and
the airfoil chord are constant, the effect of this roughness generally increases with increasing
Reynolds number (because increasing Reynolds number results in decreasing boundary-layer
thickness).
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The effect of fixing transition on the section characteristics of the S902 airfoil is
shown in figure 10. The zero-lift angle of attack is relatively unaffected by fixing transition.
In general, the lift-curve slope, the maximum lift coefficient, and the magnitude of the
pitching-moment coefficients decrease with transition fixed. The maximum lift coefficient for
a Reynolds number of 1.0 x 10® and a Mach number of 0.10 (fig. 10(b)) is 1.28, a reduction of
2 percent from that with transition free. Thus, one of the most important design goals has
been achieved. The drag coefficients are, of course, adversely affected by the roughness. For
many conditions, the abnormal roughness effects previously discussed also occurred for the
S902 airfoil.

The effect of the scaled, NACA standard roughness on the section characteristics of
the S902 airfoil is shown in figure 10. The effect is more severe than that of fixing transition.
The maximum lift coefficient for a Reynolds number of 1.0 X 10° and a Mach number of 0.10
(fig. 10(b)) is 1.16, a reduction of approximately 11 percent from that with transition free.
The effect of roughness generally increases with increasing Reynolds number, as discussed
previously.

The effect of fixing transition on the section characteristics of the S903 airfoil is
shown in figure 12. The zero-lift angle of attack and the pitching-moment coefficients are rel-
atively unaffected by fixing transition. In general, the lift-curve slope and the maximum lift
coefficient decrease with transition fixed. The maximum lift coefficient for a Reynolds num-
ber of 1.0 x 10° and a Mach number of 0.10 (fig. 12(b)) is 1.11, a reduction of 2 percent from
that with transition free. Thus, one of the most important demgn goals has been achieved.
The drag coefficients are, of course, adversely affected by the roughness. For many condi-
tions, the abnormal roughness effects previously discussed also occurred for the S903 airfoil.

The effect of the scaled, NACA standard roughness on the section characteristics of
the S903 airfoil is shown in figure 12. The effect is more severe than that of fixing transition.
The maximum lift coefficient for a Reynolds number of 1.0 X 10® and a Mach number of 0.10
(fig. 12(b)) is 1.01, a reduction of 11 percent from that with transition free. The effect of
roughness generally increases with increasing Reynolds number, as discussed previously.

The variation of the maximum lift coefficient of the S901, S902, and S903 airfoils
with Reynolds number is shown in figure 14. The maximum lift coefficient generally
increases with increasing Reynolds number. The rate of increase is similar with transition free
and transition fixed but lower with the scaled, NACA standard roughness.

The variation of the minimum profile-drag coefficient of the S901, S902, and S903 air-
foils with Reynolds number is shown in figure 15. The minimum drag coefficient with transi-
tion free decreases with increasing Reynolds number. The minimum drag coefficient with
transition fixed varies erratically with Reynolds number because of the abnormal roughness
effects previously discussed. The trend of the minimum drag coefficient with the scaled,
NACA standard roughness is upward with increasing Reynolds number, as discussed previ-
ously.



The variation of the change in maximum lift coefficient due to roughness with Rey-
nolds number for the S901, S902, and S903 airfoils is shown in figure 16. The change due to
fixing transition is relatively small and exhibits no definite trend with Reynolds number. The
change due to the scaled, NACA standard roughness is an order of magnitude larger and gen-
erally increases with increasing Reynolds number.

Effect of airfoil thickness.- The effect of airfoil thickness on the change in maximum
lift coefficient due to roughness is shown in figure 17. Because the change due to fixing tran-
sition is small and essentially the same for all the airfoils, only the change due to the scaled,
NACA standard roughness is shown. For all three Reynolds numbers, the change in maxi-
mum lift coefficient due to roughness increases with increasing airfoil thickness.

Effect of maximum lift coefficient.- The effect of maximum lift coefficient on the
change in maximum lift coefficient due to roughness is shown in figure 18. Because the
change due to fixing transition is small and essentially the same for all the airfoils, only the
change due to the scaled, NACA standard roughness is shown. Except for a Reynolds number
of 0.7 x 10%, the change in maximum lift coefficient due to roughness decreases slightly with
increasing maximum lift coefficient.

COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS
Pressure Distributions

The comparison of the theoretical and experimental pressure distributions for the
S901, S902, and S903 airfoils is shown in figures 19, 20, and 21, respectively. The theoretical
pressure distributions are inviscid and incompressible; the experimental pressure distributions
were obtained for a Reynolds number of 1.0 x 10% and a Mach number of 0.10 with transition
free. Although the pressure coefficients at the lift coefficient that corresponds to the lower
limit of the low-drag range (figs. 19(a), 20(a), and 21(a)) do not match exactly, the pressure
gradients agree well except where laminar separation bubbles are present and near the trailing
edge. The bubbles are not modeled in the pressure distributions predicted by the method of
references 5 and 6. At the lift coefficient that corresponds to the upper limit of the low-drag
range (figs. 19(b), 20(b), and 21(b)), the decambering viscous effects are more apparent and
the disparities include small differences in the pressure gradients. Near the maximum lift
coefficient (figs. 19(c), 20(c), and 21(c)), the agreement is poor primarily because the effect of
the upper-surface, trailing-edge separation on the pressure distribution is not modeled in the
theory.

Transition Location
The predicted and measured transition locations for the S901, S902, and S903 airfoils
are compared in figures 22, 23, and 24, respectively. The theory consistently predicts transi-

tion forward of the locations measured in the wind tunnel. This result is obtained because the
method of references 5 and 6 defines the “transition location” as the end of the laminar bound-
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ary layer whether due to natural transition or laminar separation. As previously discussed,
transition was confirmed in the wind tunnel only by the observation of attached turbulent flow.
Thus, the majority of the disparity between the predicted and measured transition locations
results from the difference between the laminar-separation and turbulent-reattachment points.
Therefore, the agreement between theory and experiment is better for conditions that produce
shorter laminar separation bubbles (higher lift coefficients for the upper surface, lower lift
coefficients for the lower surface, and higher Reynolds numbers).

Section Characteristics

The comparison of the theoretical and experimental section characteristics of the
5901, S902, and S903 airfoils with transition free is shown in figures 22, 23, and 24, respec-
tively. In general, the magnitude of the zero-lift angle of attack is overpredicted, except for
the S903 airfoil (fig. 24). Part of the disparity is probably due to uncertainty in establishing
the zero angle-of-attack position during model installation in the wind tunnel. The lift-curve
slope 1s predicted relatively accurately. The maximum lift coefficient is slightly (~ 5%) over-
predicted for the S901 airfoil (fig. 22), relatively accurately predicted for the S902 airfoil
(fig. 23), and greatly underpredicted (~ 20%) for the S903 airfoil (fig. 24). It should be noted
that the maximum lift coefficient computed by the method of references 5 and 6 is not always
realistic. Accordingly, an empirical criterion has been applied to the computed results. This
criterion assumes that the maximum lift coefficient has been reached if the drag coefficient of
the upper surface is greater than 0.0160 (2 X 10%R)Y7 or if the length of turbulent separation
on the upper surface is greater than 0.1000c. The magnitude of the minimum lift coefficient is
greatly underpredicted. The profile-drag coefficients of the S901 airfoil are relatively accu-
rately predicted for a Reynolds number of 0.7 X 106 (fig. 22(a)) whereas the drag coefficients
of the S902 and S903 airfoils are underpredicted (figs. 23(a) and 24(a)). The drag coefficients
of all three airfoils are relatively accurately predicted for a Reynolds number of 1.0 X 10°
(figs. 22(b), 23(b), and 24(b)). The drag coefficients of the S901 airfoil are overpredicted for
a Reynolds number of 1.5 X 106 (fig. 22(c)) whereas the drag coefficients of the S902 and
S903 airfoils are relatively accurately predicted (figs. 23(c) and 24(c)). The lower limit of the
low-drag range is relatively accurately predicted whereas the upper limit is generally overpre-
dicted. The pitching-moment coefficients are generally overpredicted.

The comparison of the theoretical and experimental section characteristics of the
S901, S902, and S903 airfoils with transition fixed is shown in figures 25, 26, and 27, respec-
tively. In general, the magnitude of the zero-lift angle of attack is again overpredicted, except
for the S903 airfoil (fig. 27). The lift-curve slope is again predicted relatively accurately. The
maximum lift coefficient is again slightly (~ 5%) overpredicted for the S901 airfoil (fig. 25),
relatively accurately predicted for the S902 airfoil (fig. 26), and greatly underpredicted
(~ 20%) for the S903 airfoil (fig. 27). The magnitude of the minimum lift coefficient is again
greatly underpredicted. The agreement between the predicted and measured drag coefficients
is poor probably because of the abnormal roughness cffects previously discussed. The
pitching-moment coefficients are again generally overpredicted.
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CONCLUDING REMARKS

A matrix of airfoils has been developed to determine quantitatively the effects of air-
foil thickness and maximum lift coefficient on the sensitivity of the maximum lift coefficient
to leading-edge roughness. The matrix consists of three natural-laminar-flow airfoils, the
S901, S902, and S903, for wind-turbine applications. The airfoils have been designed and
analyzed theoretically and verified experimentally in The Pennsylvania State University low-
speed, low-turbulence wind tunnel. The effect of roughness on the maximum lift coefficient
increases with increasing airfoil thickness and decreases slightly with increasing maximum
lift coefficient. Comparisons of the theoretical and experimental results generally show good
agreement.
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TABLE 1— AIRFOIL DESIGN SPECIFICATIONS

Airfoil S901 S902 S903
Parameter Objective/Constraint
Reynolds number R 1.0x10% | 1.0x10° | 1.0x 106
Maximum lift coefficient ¢; ax 1.30 1.30 0.90
Lower limit of low-drag, lift-coefficient range ¢y 0.50 0.50 0.10
Upper limit of low-drag, lift-coefficient range c¢; 1.10 1.10 0.70
Zero-lift pitching-moment coefficient cp, o >-0.15 >-0.15 =>-0.07
Airfoil thickness t/c 18% 12% 12%

20




TABLE I1.— AIRFOIL COORDINATES

(a) S901
Upper Surface Lower Surface
x/c z/c x/c z/c
0.00001 0.00049 0.00012 -0.00131
.00034 00248 00076 —.00303
00453 01108 .00190 —-.00483
01355 02098 01052 -.01279
02714 03124 02434 —-.02082
04515 04146 04326 —-.02896
06748 05138 06686 -.03717
.09397 06078 09465 —-.04528
12441 06957 12617 -.05306
15846 07770 16096 -.06027
19566 08502 .19856 -.06668
23555 09136 23847 —-.07203
27765 09644 28020 -.07602
32163 09997 32320 -.07825
36732 10179 36724 —-.07811
41445 .10198 41244 -.07527
46261 .10064 45892 —.06978
S1138 09785 .50669 -.06182
56031 09376 55579 -.05174
.60895 .08850 60617 —-.04017
65679 08227 65768 -.02792
70333 07526 10987 -.01610
74806 06766 76174 -.00586
79043 05968 81195 00201
.82993 05149 .85905 00698
.86601 04326 90138 00879
.89814 03501 93711 00788
92609 02656 96500 .00544
95009 01809 98464 .00275
97025 01039 99620 .00074
98604 00449 1.00000 .00000

99637 00105
1.00000 .00000
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TABLE Il.— Continued

Upper Surface

x/c

0.00001
00224
.00856
01903
03372
05264
07573
10287
13387
16841
.20603
24627
28868
33277
.37806
42409
47051
51703
56335
60921
65431
69839
74116
18234
82155
85824
89179
92166
94760
96923
98581
99636

1.00000

z/c

0.00041
00717
01569
.02489
03435
04375
05288
06158
06979
07750
08461
09096
09642
.10081
10397
10567
10571
10400
.10053
09535
08857
08041
07112
06109
05078
.04067
03109
02219
01420
00767
00312
00069
.00000

(b) S902

Lower Surface

x/c

0.00007
.00046
00134
00274
01286
.02922
05180
.08008
11354
15169
19395
23976
28852
33958
39232
44607
50019
.55401
.60688
.65818
10742
75434
719878
.84045
87892
91350
94332
96752
98537
99631

1.00000

zlc

—0.00098
—-.00208
—-.00296
—-.00373
—.00627
—-.00777
—-.00876
—-.00954
—-.01018
-.01077
-01135
-.01192
—-.01249
-.01304
-.01354
—.01397
-.01425
-.01435
-.01416
-.01357
—.01232
-.01032
-.00769
—-.00480
-.00210
—-.00006

.00107
00132
.00093
00031
.00000



TABLE II.— Concluded

Upper Surface
x/c z/c
0.00001 0.00035
.00032 00180
00242 00608
.00942 01372
02086 02187
03671 03007
05695 03802
08152 04554
11029 05253
14306 05897
17946 06490
21899 07029
26115 07502
30544 07897
35132 08201
39827 08397
44581 08464
49357 .08384
54122 08146
58849 07752
.63507 07208
.68070 06529
72507 05739
76790 04867
.80885 03953
.84753 03044
.88343 02189
91595 01437
94435 .00830
96779 00397
98538 00138
299630 00026

1.00000

.00000

(c) S903

Lower Surface

x/c

0.00011
00072
00182
00411
01420
02963
05031
07601
.10643
14123
18001
22234
20775
31573
36574
41722
46959
52226
57462
.62607
.67602
72392
76934
81196
.85137
88711
91879
94609
96860
98563
99633

1.00000

z/c

—0.00088
-.00201
-.00317
—-.00490
-.00970
-.01426
-.01838
—-.02209
—-.02536
—-.02820
~.03057
—-.03247
—-.03390
—-.03486
—-.03536
—-03541
-.03502
—-.03419
-.03295
-.03129
—-.02922
—-02668
—-.02360
—-02009
-01636
-.01255
—-.00882
—.00537
-.00261
—.00087
-.00014

.00000
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TABLE IIL.- MODEL ORIFICE LOCATIONS

[c =457.20 mm (18.000 in.)]

(a) S901
Upper Surface
x/c y, mm (in.) x/c
0.00000 —203.2 (-8.000) 0.00267
.00167 -201.2 (=7.920) .00483
00511 -199.1 (-7.839) 00922
.01028 -197.1 (-7.761) 01456
01539 -195.1 (-7.682) 01983
02056 —-193.0 (-7.597) 02383
02544 -191.0 (-7.521) 02961
03111 —189.1 (-7.445) 03967
04061 —186.9 (~7.358) 04961
05122 —185.0 (-7.283) 06006
06056 -182.9 (=7.199) 07483
07461 -180.7 (-7.116) .08944
.09089 —-178.8 (-7.038) 11939
.12094 —~176.1 (-6.934) 14961
.15094 ~173.7 (-6.837) 19972
20144 —-169.8 (-6.687) 24944
25111 —165.5 (-6.514) 29928
.30039 -161.4 (-6.354) .34894
35139 -157.4 (-6.196) .39950
40067 -153.3 (-6.037) 44917
45139 —149.1 (-5.869) 49939
50100 —145.1 (-5.711) .54889
55128 —141.1 (-5.555) .59939
.60072 —136.7 (-5.382) .64883
.65089 —-140.8 (-5.542) .69956
.70094 —-145.2 (-5.718) 74956
75106 —149.4 (-5.882) 79928
.80061 ~153.3 (-6.037) .84928
85128 —157.3 (-6.193) .89939
90072 -161.6 (-6.361) 94917
95089 —-165.5 (-6.515) 97839
98267 —168.1 (-6.618) 1.00000

Lower Surface

y, mm (in.)

~139.2 (=5.480)
~141.5 (-5.571)
~143.5 (=5.649)
~145.7 (-5.737)
~147.6 (-5.812)
~150.0 (=5.904)
~151.8 (-5.977)
~153.7 (-6.052)
~155.7 (-6.128)
~157.7 (-6.207)
~159.8 (~6.290)
~161.9 (-6.374)
~164.3 (-6.470)
~166.8 (~6.567)
~170.9 (~6.730)
~174.9 (-6.886)
~179.0 (~7.047)
~183.0 (-7.206)
~187.1 (~7.366)
~191.3 (-7.532)
~195.2 (-7.684)
~199.3 (~7.846)
~203.5 (-8.013)
~199.3 (~7.846)
~194.9 (-7.675)
~191.0 (-7.520)
~186.9 (-7.358)
~182.8 (~7.195)
~178.6 (-7.032)
~174.5 (~6.869)
~172.1 (-6.777)
~171.1 (-6.737)



TABLE III.- Continued

(b) S902
Upper Surface
x/c y, mm (in.) x/c
0.00000 —203.2 (-8.000) 0.00026
00068 —201.2 (=7.920) .00366
00383 -199.2 (-7.841) .00847
00864 —197.2 (-7.763) 01364
01388 —195.1 (-7.680) .01896
01866 ~193.0 (-7.598) .02333
02376 -191.0 (-7.518) 02882
02899 ~189.2 (-7.447) .03869
03921 -187.0 (-7.363) 04863
04890 -185.0 (-7.282) 05846
05927 —183.0 (-7.205) .07405
07397 —-180.8 (-7.118) .08907
08962 —178.8 (=7.041) 11909
11906 —176.2 (-6.936) 14890
14940 —173.8 (-6.843) 19943
20001 -169.7 (-6.680) 24969
25025 —165.5 (-6.515) 30041
30109 -161.7 (-6.368) 35074
35106 -157.7 (-6.209) 40154
40153 —153.6 (-6.049) 45154
45213 —-149.6 (-5.891) 50217
50271 -145.5 (-5.729) 55214
55272 —-141.6 (-5.573) .60254
.60309 -137.3 (-5.407) 65274
65327 -132.8 (-5.227) 70286
70363 ~128.8 (-5.070) 75273
75407 —134.9 (-5.309) .80316
.80468 -141.2 (-5.560) .85386
.85468 ~147.3 (-5.799) 90367
90501 —153.3 (-6.034) 95408
95517 —146.9 (-5.785) 98448
98540 —143.5 (-5.650) 1.00000

Lower Surface

y, mm (in.)

~122.9 (-4.840)
~125.3 (-4.935)
~127.3 (=5.011)
~129.2 (=5.088)
~131.3 (=5.170)
~133.3 (=5.249)
~135.2 (=5.324)
~138.3 (=5.443)
~139.4 (=5.489)
_141.4 (-5.568)
~143.5 (~5.650)
~145.6 (-5.732)
~148.1 (-5.832)
~150.5 (=5.926)
~154.6 (~6.088)
~158.8 (=6.252)
~162.8 (=6.407)
~167.1 (-6.577)
~171.0 (-6.733)
~175.0 (-6.892)
~179.1 (~7.049)
~182.9 (-7.202)
~187.0 (=7.363)
~191.3 (-7.531)
~195.2 (~7.686)
~199.3 (~7.846)
~203.6 (-8.014)
~207.5 (-8.170)
~211.6 (-8.332)
—188.9 (~7.436)
~175.5 (-6.909)
~166.1 (~6.540)
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TABLE III.- Concluded

(c) S903
Upper Surface
x/c y, mm (in.) x/c
0.00000 —203.2 (-8.000) 0.00094
.00203 -201.2 (<7.920) 00409
00453 —-199.0 (-7.836) .00903
.00985 —197.0 (-7.755) 01354
.01487 —-195.1 (-7.681) 01853
02012 —193.2 (-7.607) 02410
02525 —191.1 (-7.523) 02891
.03044 —~189.0 (-7.441) .03903
.04044 —-187.1 (-7.367) 04861
05024 —185.1 (-7.287) 05861
.06035 —-183.2 (-7.211) 07380
07506 —181.0 (-7.128) 08883
09007 —-179.0 (-7.049) 11876
11987 —-176.4 (-6.946) .14835
15012 —-173.9 (-6.846) 19826
.19991 -170.1 (-6.696) 24831
25059 -166.0 (-6.536) 29863
29993 -162.0 (-6.378) 34910
35028 -157.9 (-6.216) 39899
40029 —154.0 (-6.062) 44908
45017 ~149.8 (-5.896) 49949
50031 —145.9 (-5.745) .54903
.55065 —-141.7 (-5.578) 59903
.60043 -137.7 (-5.421) .64848
.64985 —133.7 (-5.264) 69821
70076 -129.6 (-5.104) 74712
75021 —125.5 (-4.942) 19757
.80019 —133.2 (-5.244) .84790
.84998 —141.3 (-5.563) .89762
.89978 —148.8 (-5.859) 94755
.94963 —141.3 (-5.562) 97755
97933 —-136.0 (-5.354) 1.00000

Lower Surface

¥, mm (in.)

~119.1 (-4.688)
~120.9 (-4.760)
~123.0 (-4.841)
~124.9 (-4.916)
~126.9 (—4.996)
~129.0 (-5.078)
~130.8 (-5.152)
~132.9 (=5.234)
~134.9 (-5.313)
~136.9 (~5.390)
~139.1 (=5.478)
~141.0 (=5.552)
~143.6 (=5.655)
~145.9 (-5.742)
~149.9 (-5.903)
~153.9 (-6.059)
~158.2 (-6.229)
~162.2 (~6.386)
~166.3 (—6.548)
~170.3 (=6.707)
_174.4 (~6.864)
~178.5 (=7.029)
~182.5 (-7.186)
~186.7 (=7.351)
~190.7 (=7.510)
~195.1 (~7.680)
~199.1 (-7.839)
2203.3 (-8.003)
~207.4 (-8.164)
~211.5 (-8.326)
_183.2 (-7.215)
~163.7 (-6.444)



TABLE IV.- ROUGHNESS LOCATION AND SIZE

Upper Surface Lower Surface
Reynolds : . .
Number Grit Nommal Grit Nommal
x/c Size, mm x/c Size, mm
Number . Number .

(in.) (in.)

6 0.211 0.589
0.7>10 80 (0.0083) 36 (0.0232)

6 0.178 0.351
1.0x 10 0.02 90 (0.0070) 0.07 54 (0.0138)

6 0.124 0.249
1510 120 (0.0049) 70 (0.0098)
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Figure 1.- Airfoil shapes.
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(a) a=-0.01°, 1.01°, 2.03°, 3.05°, 4.07°, and 5.08°.

Figure 5.- Pressure distributions for S901 airfoil for R = 1.0 X 10% and M =0.10 with transi-
tion free.

32



-0 o =06.10°
B-8 o=712°
A-A o =8.13°
& o =9.14°
v-v o =10.16°

.@~G.a-ﬁnwl§

o relative to the x—axis

(b) o0 =6.10°,7.12°,8.13°,9.14°, and 10.16°.

Figure 5.- Continued.
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Figure 5.- Continued.
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Figure 5.- Continued.
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Figure 5.- Continued.



—7-
1 ©-0 o =-16.09°
] -8 «=-17.07°
G | A-A o =-18.06°
®-¢© o=-19.07°
A i v-v o =-20.07°
-5+
b
E]
-3
-2
o)
\
-1 : QO\ o-
Q% & 558580 5
’glg 8 @
48
0 ﬁ’@
y:l

&

o relative to the x-axis

1 S901 17.99%

T T T T T 1

o 05 x/c ]

(G) o=-16.09°,-17.07°, -18.06°, ~19.07°, and —20.07°.
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(a) a=0.01°,1.03°,2.05° 3.07°, 4.08°, and 5.10°.

Figure 6.- Pressure distributions for S902 airfoil for R =1.0 % 10° and M =0.10 with transi-
tion free.
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Figure 6.- Continued.
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(a) aa=0.01°, 1.03°,2.05°, 3.06°, 4.08°, and 5.10°.

Figure 7.- Pressure distributions for S903 airfoil for R =1.0 X 10% and M =0.10 with transi-
tion free.
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Figure 8.- Section characteristics of S901 airfoil with transition free, transition fixed, and rough.
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Figure 9.- Effects of Reynolds number on section characteristics of S901 airfoil.
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Figure 10.- Section characteristics of S902 airfoil with transition free, transition fixed, and rough.
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Figure 11.- Effects of Reynolds number on section characteristics of S902 airfoil.
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Figure 12.- Section characteristics of S903 airfoil with transition free, transition fixed, and rough.
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Figure 13.- Effects of Reynolds number on section characteristics of S903 airfoil.
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Figure 14.- Variation of maximum lift coefficient of S901, S902, and S903 airfoils with Rey-
nolds number. Open symbols represent data with transition free; solid symbols, data with
transition fixed; and flagged, solid symbols, data with scaled, NACA standard roughness.
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Figure 15.- Variation of minimum profile-drag coefficient of S901, S902, and S903 airfoils
with Reynolds number. Open symbols represent data with transition free; solid symbols, data
with transition fixed; and flagged, solid symbols, data with scaled, NACA standard roughness.
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Figure 16.- Variation of change in maximum lift coefficient due to roughness with Reynolds
number for S901, S902, and S903 airfoils. Open symbols represent data with transition fixed;
solid symbols, data with scaled, NACA standard roughness.
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Figure 20.- Comparison of theoretical and experimental pressure distributions for S902 air-
foil.

97



—  Theory
: ©-© Experiment

2 ' ' ' ' | ' ' ' ' |
0 0.5 x/c 1

(b) ¢;= 1.04.

Figure 20.- Continued.

98



7 —  Theory
: ©-0 Experiment

|
o
&

2 ! ¥ T T I T T T T ]
0 05 x/c 1

(c) ¢;=1.30.

Figure 20.- Concluded.

99



—  Theory
®-© Experiment

2

(l) 0.5 x/c 1

(@) c;=0.05.

Figure 21.- Comparison of theoretical and experimental pressure distributions for S903 air-
foil. |

100



—  Theory
©-© Experiment

2 ' ' ' ' | ' - ; ' l
0 0.5 x/c 1

(b) ¢;=0.63.

Figure 21.- Continued.

101



] — Theorg
-8 -0 =107

o = 8.52° relative to the x-axis

S903 1.99%

]
0

05 x/c 1

(c) ¢;=1.02.

Figure 21.- Concluded.

102



€01

— Theory

© Experiment

5 10%,

(2) R=0.7 x 10°.

Figure 22.- Comparison of theoretical and experimental section characteristics of S901 airfoil with transition free.
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Figure 23.- Comparison of theoretical and experimental section characteristics of S902 airfoil with transition free.
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Figure 25.- Comparison of theoretical and experimental section characteristics of S901 airfoil with transition fixed.




SII

Theory
© Experiment

_ /® Cm H
1— -0.25
- -0.2
Cp | I
| A
05— i
_ ©
O T T T T 1
y 10%c,

(b) R=1.0x 10°.

Figure 25.- Continued.




911

— Theory

© © Experiment
Cmlox)
O(DO@@
- _}O
O T T T |\él3f"l|'|' |/|
_ 10%, ° s,
Cp |
_0.5—— o\ ®/ CQ((X)
o_@@od
(b) Concluded.

Figure 25.- Continued.




LT

— Theory

© Experiment

20 10%, 25

(©) R=1.5x10°.

Figure 25.- Concluded.




311

Theory
) © Experiment G
: : Lo
1— I
i Cm |
: o— -0.2
Cp _ o ]
- o ~0.15 {|#
05+ ®
| \O GGPGDW
. \e é L OOO ©
- \e —0<65 T OOOO © Q-O/
°°°Ocno
: A -
0 S /TSI SN AV A —
| | l © |
o) 10 20 103Cd 25 0 05 «x/c 1

(a) R=0.7 x 10°.

Figure 26.- Comparison of theoretical and experimental section characteristics of S902 airfoil with transition fixed.
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Figure 27.- Comparison of theoretical and experimental section characteristics of S903 airfoil with transition fixed.
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